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ABSTRACY

The Infrared Astroncinical Salcll'c carried out a nearly complete survey
of the infrared sky, and the coreey dota are important for the study of many
astrophysical phenomens. Howcvdr, s any data sets st other wavelengths have
higher resolutions than that of 1he coadded TRAS maps, and high resolution
IRAS images are strongly desined bo b for their own information content and
their uscefulness in correlation st dies

The HIRES program was developod by the Infrared Processing and Analysis
Center (IPAC) to produce high vesolation (~ 1Y) images from TRAS data
using the Maximum Coriclation Methind (MCM). We desaibe the port of
HIRES to the Intel Paragon, « was<ivily parallel supercomputer, other software
developments for mass poduction of HIRDS hnages, and the IRAS Galaxy
Atlas, a project to map the Gulsctic plane av 60 and 100 mo.

Images produced from the MOM dporithn somectimes sufler from visible
striping and ringing artifacts. Correcing detector gain oflsels and using a
Burg entropy metric in the yecorstiuclion scheme were fonnd to be eflective in
suppressing these artifacts. A variation of the destriping alporithin was used to

sublract zodiacal emission.
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1. hdroduction

The Infraved Astronowmical Sctclit: (JIAS) provided owr fit comprehensive look at
the in frared sky, producing a neaaly omp'ete survey atimid - 1 ofarinfrared wavelengths
(12,25, 60, and 100 gan) (Beicloman 1987 Soifer, ] Jouck, and Neagebauer 1987, IRAS
Catalogs and Atlases: Expl an atompiscient 1988). Tmag os made from the JRAS survey
data Snow a wecalth of extendedstiocimeromatar-forming 1 epions and other components
of the mterstellar medium. A varicty of stolies exploi ting, the 71245 images have beeninade
to date ranging, from structu ¢ onapi tar tioscale to det ailed studies of individual molecular
clouds (c. g. Beichman et al. 1986, Weilund ot al. 1986, Terehey wndd Fich 1986, Boulanger
and Perault 1988, Sodroski et al. 10580, Scoville and Good 19849, Snell; Heyer, and Schloerb
1989, Clemens, Yun, and Heyer 1001, W ot et, i, 1994). The strengt b of TRAS is the
complete ness of the survey, However oy cases the spatial resolution of the comparison
data scts at other wavelenigths is betterthon for IRA S, and thas the 47 5 resolution
of thereleased TRAS images (the Infrored Sky sievey Atlas, Wheelock et al. 1994) can
limit the comparison. T'he desive forhipher spatial resolution combined with the paucity of
new infrared sat ellite missions has inspired 'nany efiorts to extract high spatial resolution
information from the data (c. g. Bontchos etal. 1934). The products most widely accessible
to the US science community are theli ) s images dist riboted by the Infrared Processi ng
and Analysis Center (IPAC ), whichiere baset onthe Maximum Correlation Method (M cwm;
Aumann, Fowler, and Melnyk 19907 ‘1 he BIRES Images have been successfully used for a
varicty of galactic and extragal scticstndios (Rice 1993, Surace ('t «1.1993, Terebey and

Mazzaiella 1994).

Application of the HIRES algorithinto the I1RAS datahas beenlimited largely by the
computational resources available for LERES Dr(((sii){;. A 1x1°¢ field of typical scan

correrage takes Thour of CPI thmcona Sua SPA RCstation 10, for all four wavelength



bands and 20 iterations (at which poa @ o (ifacts Jimit further improvement of image
quality). To overcome these CPU liniatior s we have undertaken the porting of the HIRES
softwarce to the Intel Delta and Paragon pesallel supercomputers. BIRES processing is now

feasible for large regions of the sky.

A s part of a program in high pe form i ce comnpulational scie 1ce and engineering,
Caltech has developed significant software ond hardware capabilitics for massively parallel
computing (also called concurrenl supcicoupuling). Avn ong the several concurrent
computers currently available at ( ‘alicch o, thed12-node 1111C1 TouchstoneDelta,a
prototype payallel supercorpruter witl yncas ared performance of 13 GF1OPS, 8 Gigabytes
of meinory, and 90 Gigabytes of disk. 11ppr. ded resources include @ H6 node and a 512-node
Intel Paragon. Thenew s12-110 ({( Jntc]Peagon Model 138, hasa peak speed of 38.4
GI'LOI’S, 16 Gigabytes Of mcimory, andls RAIDs that contiol 67.2 Gigabytes of disk,
one ithernet node, two 1117'1'1 nodes, and ix service nodes. The high demand fo 1 HIRES

images, along with the availalility of pirallel computing {acilit ics, motivated the port of

H IRES to the parallel supercomnputor:,

The development of new artifact reduction algorithims allows  the iterative procedure
to be carried much further, requiring tore CPU time and further justifyi ng the parallel

computing approach.

These eflorts made possible a la 100 seale mapping project: hiph resolution 1RAS
mapping of the Galactic planc. Thenew JMAS Galaxy Atlas (JG A) maps will provide a
20-fold nnprovement in arcal information content over ecarrent 7245 60 and 100 yun maps
and will be valuable for a wide ranpe of seintific studies, including: 1. The structure and
dynamics of the interstellar mcedivin (1SM): 2. Cloud core stilt’(:j’s within giant molecular
clouds; 3. Determination Of imnfishimass fuactions (IMFEs) of 1massive stars; 4. Study of

supernova remmants (SNRs).



The IGA images will be mmade availabic on-lhoe at JPAC Additional information will

come from combining the 60 and 100,00 BIRES data with the inages and catalogs being
produced from the 12 and 25 yan 71235 deta by the Air Jorce Phillips Laboratory and
Mission Rescarch Corporation. Alteriatively, standard four hand HIRES images can be

requested from 1PAC.

The original HIRES algorith vwindh pnoduces highresol ution 1RAS images and later
enhan cer nents are described in Section 3. he M aximum Correlation Method (MCM)
algorithm Aumann, Fowler, and Melr vl 1490 produces high resolution images from the
survey an d additional observation (AO ) data, using a nonhnea iterative schieme. The
resulting images have resolution of abvnt 1, corn pared to the 44 5 subtended by the 100
fom band detectors in the JRASfo el plime A desaiptionof thie basic MCM algorithmn is
outlined in Section 3.1. In Scctions 37 ¢ 3.4 we ofler deseriptions of artifact reduction
algorithms, namely using estimatc ~ o pai oflset 1o eliminate stiiping, and using  a
Burg entropy metric in the iterative slporithim to suppress ringing around bright point
sources. Deteclor data calibrationaniyoc acal light subtiactionare carricdout with a
spin-ofl method of the destriping «lporithn {Section 3.3). Validation of the algorithmic

enhancanentsand output, imagepropriics s given in Section 4.

In the parallel processing cach | e b age field isimapped to an 8 or 16 node process
grid, which shares the computation by joad ng difler ent obser vation scans. An efliciency
of 60 % is rcached with 8 nodes. The pervallelization strategy and pipel ine implen ientation
(whit]) coordinates computationanddata transfer on workstit ions and supercomputers)

will bediscussedin Section 5.



2. Relevant Information about /VAS

The IRAS survey was designed tor 1 e identification of point sources, rather than
as an mmaging instrument. The data were taken with rectangular detectors that scanned
the sky multiple times in “push broon™ feshion (g see Pip. 1), The satellite data are
fundamentally in the form of one dinncsinal data streams {or cach detector. During
post-processing, it was discovered tha two dimensional images could be made by stitching
together, 1.e. coadding, these one dinensiozal detector streems. T'his basic processing
accounts for many of the charactarist-co of the TRAS Images. For example, stripes arc a
common image artifact because there are ollset and gain variations in the one-dimensional
detector streams. Also, the shape of the Teamn varies from place 10 place because the
coverage (J.c. number and orientstion o or ¢ dimensional detector streamns) is nonuniforin.
The eflective data oversampling make the 17AS data amenable to resolution enhancement

because of the geometric information - o ta ned within overlapping data samples.

The IRAS focal planc (shovaiin 1 ip  2) inc luded cight stageered lincar arrays
subtending 30" 111 width,twoincadiar fourspectial bands at 12, 25, 60, and 100 yan. Data
ratc considerations forced thie detes tans 2 10 bemuch larger than the diffraction linit of
the telescope. The typical detector sizes we o 4h > 267, 45> 219,90 x 285, and 180X303
ar esce (full width at half maximuon: e pons, FWEHIM) sespectively, at the four wavelength

bands.

This combination of focal planc, dotector size, and scan pattern optimized detection of
point sources inarcas Of the sky where t ne eparation between som ces was large compared
to the sizes of the detectors. However, it coniplicates the constiaction of images of regions

containing spatial structurc onthe wealof sromintes.
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3 Algorithm
A typical HIRES processing contistsof the folle will{?, steps:

1. Uncompressing and exlracting ¢alimmated data scans from archive;

“2. Data preprocessing, Jnclid i cvo s scan offset ((alilnation, bascline reinoval,
deglitching, ' and noise estimation;

3. Subtraction of zodiacal cinission (ootional);

“J. Reprojecting data to desined peomat-y (optional);

5. High resolution image reconstrus icn.

This scction describes the alponttimie aspects of BIRES, specifically, issves involved 1n

steps 2, 3, and 5. For details on the techni v aspects of the implementation, see Section 5.

Table 1 sutmmarizes the notation. use in this section.

3.1. The Maxinnnn Correlation Method

Starting from a model of the skyfioxdistribution, the HIRLSMCM algorithm folds
the model through the TRAS detector 1 espuonises, comparestheresult track-by-hack “to
the observed flux, and calculates (wriectio sto the mo del. One important characteristic
is thal the standard MCM alpor ithon consaves flux. The processis taken through shout
20 iterations at which point ar tifa: (s init fnrther improveinent ‘1 'he algorithmyields a

resolution of approximately 17 a1 60 on. ‘1 hisrepresents anhmprovenentin resolution

Meglitching stands for the ranoval of spurious non-sourcelike signals called glitches,
typically caused by cosmic ray cventsiniividuzl detect ors.
ZIvack, also called leg or scandinie,1ofistathe set of datasenoples collected consecutively

by one detector moving across a piven ficld




by as much as a factor of 20 in solid anple over the previous images from the 1RAS Jull
Resolution Survey Coadder (FRESCO) We give a bricf desaription of the MCM algorithm

following the formalism and notatione of Avmann, Fowler, and Mcluyk (1990) .

Given an image grid f;, with oo poxele 0 ) and i detector samples (footprints)
with fluxes ;20 = 1, e whose coters are contained in the immage grid, an iimage can
be constructed iteratively from @ zoroth crthnate of the hmage, fﬁ' - const. > 0 for all
7. In other words the initial guess jx o vnilonn, fiat, and positive definite map. For cach

footprint, a correction factor €7 is conputed as,
S P S (1)
where
R >:7'1jfj« (2)
and 7i; is the value of thic 1t hfootprin s 1e panse funcltion at hmage pixels f;. Therefore 145
is the current estimate of the ath footpiint™ flux, given nnape grid /.

A mean correction factor for the 71l image pixel is computed by projecting the

correction factor for the footprints into the nnage domain:

¢ D> (/o)) Ui]/[}_ (risfol). (3)

The weight attached to the ()1 concetinfactor for the jihpixel is rij/ol, where 0 is

the a priori noise assigned to the tth footpnint
The kth estimate of the image i« computed by

/\}\ . J!(k>])(f~7‘. (4)

S

In practice when the footpr int vor-e o, 1« not easily estimated, an equal noise value
] 2 A ) 1
for all footprints is assumed, and the MC M identical to the Richardson-Tucy algorithin

(Richardson 19'22, Lucy | 974),
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3.2, Destriping, Algorithm

Stripes are the most prominent 1nifafs of the HIRES hmages. HIRES takes in the
I1RAS detector data, and if not peifectly o librated, would iy to fit the gain differences in
the detectors by a striped imape. The «tiining builds up in amplitude and sharpness along
with the HIRES iterations, as the slparithen refines the “resolution™ of the stripes (see Fig,

3(a) and (1J)).

The IPAC program LAUNDR (Fowlo and Melnyk 1990) invokes several one
dimensional flat fielding and deglitcbing, ¢chuiques. The basic algorithim applied is
clamping the background of different scan Jines (1aken as a low percentile in detector flux
histogramn for cach scan line) to & cormnon Jevel, Tor the purpose of destriping, the one
dimensional algorithin works well for repio s with & well-defined baseline, but the result is

not satisfactory for regions where structure oxists in all spatial fiequencies.

3.2.1.  Destripig w:llh Undforne Gain Counpensalion

Our approach comnbines the image 1econstiunction and the destriping process. Since
the striping gets amplified through the iterations, the idea of applying constraints to the

correction factors is natural.
Assume footprints in the sawme lep 1 sutter from the same unknown gain oflset Gy, then
. N
Dy Gl (5)
is the “true” detector flux, had the derector pain been perfectly calibrated. The G),’s can
be scen as extra parameters to be estinateo, besides the image pixels f;. Under a Poisson
framework, the maximum likelihiood e timate for (7 is

H e o

i in leg /1. ' Tin deg L
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in which C} is the gain compensated corcrtion factor. (U

is then used in place of C; in
Fquation (3) to compute the pixel conect on factors. A new set of (7, is estimated for

every MCM iteration.

This choice of the unknown gain otise G inimizes the ynutual information between

»

the sets 1D} and 17 in the leg, i.e. the resting correction factors CF will extract the
minimuim amount of information from the : treawn DI Vrom the viewpoint of the maximum

cntropy principle, this is the most 1ca-onat 1o choice.

JJrrom another point of view, thi- wtie gy works becanse the procedure of averaging
Ci’s 1o pet ¢; has a sioothing effect on the imape, so that the image f; and estimated flux

I do not contain as much striping power e« the footprints 1), A

8.2.2. Destvipag willy Local Gaine Comngpensation

A fur her complication lics in thicfact 1 hat t he assomption of @ uniform gain offset in
a certainleg is only approximatcly tine N aiious hysteresis effec 1s (c.g. see Chapter 1V
of 1ItAS Catlalogs and Atlases: }isplanztory Supplement (1988) ) cause thegainto drift
slightly within the 1° range. Ao capere sive form of the destriping algorithm estimates
the gain offset locally asthe weightodpeonictriciean of the correction factors for nearby
foot}orrints, so the estimated gain conrceiion for cach footprint varies slowly along the leg.
The local gain offset is compared to tncghhal one estimated from the entire leg, and if
they difler by more than 10 % thent 1, glosal value is used. since the gain is not expected
to drift that mnuch over a ]* scale, an it thevariation in computed oflset average is most
likely duce to real local structure. We nised o averaging lengt] of 1 (1 to estimate the local
oflset. Becausce it is larger than the spatial 1esolution of the fi stiteration image (57), it is

safc to refer the average correction facior (. hat scale as due ogainoflset. Thel O length




1

scale is also small enoughto capture the drifting hehavior of the pamng as shown by visual

mspeetionof boththeout putimarcs and | heir Fourier power spectra. Unlike the standard
HIRES algorithin (in which stripes are amplified throughout theiterations), the local gain
compensalion decrcases the sty iping prower nonotonically to a nephigible level after roughly

10 1terations.

Onc aspect of the local gain compens iion method is that thc computed correction
factors can cause the flux scale to diitt slip hitly. This is solved by 1equiring, an occasional
iteration using the standard MCMaleanthimto enforce flux conscrvation. In pract ice
a stancard MCOM iteration perforimed ¢t 11 and 20 iterations produced 110 noticeable

re-introduction of stripes.

3.2.8. Resulis of Ve Destiiping Algorition

Fig. 3 demonstrates the stiiking oficet of the destriping alporithn, Fig. 3(a) snows
the first iteration (FRESCO) iage fora © x1¢ ficld in p Ophiuchus, which is siooth
(blurry). I'ig. 3(b) is the 20th iteration ima o of the field obtained with the standard 11 TRES
algorithm, and is contaminated with cirong striping artifac ts. A ticmendous immprovement
is scen in Fig. 3(c) which is produced vith «ip iforn gain coinpensation, althoughsome weak
stripes are still visible. Finally, using t he Jo algaincompensation I]litlloclp,il’ csastr i]~c-free
image, I'ig. 3(d). It is also apparcntthat hg. 3((1) contaimsinany high spatial frequency

features that arcabsentin3(a).

3.3. Subtraction of Zodiacal Finission

Zodiacal dust cmission is & prominent source of diffuse eimission in the TRAS survey,

cspecially in the 12 and 25 jan bands, The vodiacal contribution to the observed surface




12

brightness depends on the amount of interplanctiny dust along the particular line-of-sight,
an amount which varies with the Flavh's position within the dust doud. Consequently, the
sky brightness of a particular location on -he sky, as observed by 1RRAS, changes with time
as the Farth moves along its orbit cround ~he Sun. The diflerent zodiacal ainission level in
different scanlines, if not subtiacted, can conse step discontinuities in the images if adjacent
patches of sky were observed «t diffcrent timies. Cross scan destiiping helps bring together
the background level of scanlines passine through the same local field at different times, but

for large scale astronomical studics it s exontial 1o have the zodiacal einission removed.

A physical model of the zodiara!l foreground emission based on the radiative properties
and spatial distribution of the zodise I du € was developed by Good (1994) The IRAS
Sky Survey Atlas (ISSA; Whecloch et al. 1194) made use of thicmodel and subtracted the
predicted zodiacal emission from the detecron data before co adding them. The resulting
ISSA images show a strong Galactic beekground at 60 and 100 yan that is associated
with molecular and HI clouds in the Calaxy (e.p. Weiland et al. 1986, Terebey and IMich
1986, Boulanger and Perault 198x, Sodiosh i et al 1989, Scoville and Good 1989). 1t is
desirable for the high-resolution A5 Galixy Atlas to be scnsitive to this large scale

component of Galactic emission.

The zodiacal subtraction is a fait I coruplicat ¢d process, and since HIR 1S has typically
been used for siall fields only, thezodiaoa) cinissionhas beenhistorically treated as part of
the local background that is subtiacte i cand thrown away) during the the I AU NDR step.
Fortunately the destriping algorit hin offer s o way tomake uscol t he disc.a] subtraction)
cffort that went into the ISSA hmapes  we (1 estimate the zodia csl aanission, by comparing
inpul do:tector data and simulated datie froyn the 1SSA hmages, and calibrate the input data

to obtain a background level that is consistent with the JSSA nnages. The zodiacal emission
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is taken as a median difference of flus heoveen real and simulated data ¥ computed over
a one degree range (the charactenisiic coale of zodiacal foregronnd variation), and is then
subtracted from the real data. The miethod therefore only aficcts the Jow spatial frequency

component of the data, and doce not <t b the sinall scale signals,

When the input ISSA imape contane <dgnificant striping (st width around 7, that is,
the distance of neighboring scan trach ~o @ nuch larger scale than the HIRES stripes), it is
necessary to first smooth the 1SSA 1 ape vith a large kernel (107) hefore doing the zodiacal
subtraction. Otherwise the calibrated ceteor data would retain the large distance scale
offsets, and the gain compensation destrip ng described in Section 3.2 would not be able
to estimate the gain variations conrect by and would leave the wide stripes at different flux

levels.

For validation of this procedure wor the comparison of sutface brightness (output

HIRES vs. ]SSA) described i Scoctior 4 4.

3.4, Devinging Algorithin

For many image reconstruction alecritims, ringing artifacts (o1 “ripples”) appear when
a bright point source exists overanor ve1c background. The mechanisin of the artifact can
be under stood as the Gibbs phenome non ((i sharp catofl in ligh spatial frequency signal
incurs ripples in the position domain), Nuncrous approacheshave been taken to reduce this
kind of artifact, such as that of 1¢pulirizie operstorin the Imeay yestoration regime (e.g.

Zervakis and Venetsanopoulos 19992), and 1 eximuim entiopy methods Press et al. 1992.

J

3The simulated data from 1SSA inapes were emected to the same flux scale as RIS

before calculating the median diffcien ¢ S Sec. 4.4 for a de tai led discussion.
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A variant of the Log-FEntiopy MARYT 7 (De Pierro 199])

1R R T 1D DM ™

o
was tested on 11HAS data.

A k-1 . ‘ .y N .
The (fJ( ))2 factor in the correction 1 indicates a Burg entiopy metric in the image

space: the entropy loss (Burg) involvad i hanging, onc’s knowledge from fj to f; 4 Afj is

NS fi- NJ
'> L ._? ) ] B ]l) Ja J
P 1 g’ /'!

(A5 (8)

S AS

e

for small Af;, so if we define the diste e o \/IA S, the mictiic tensor becomes

YRR F AT
1 (L otherwise

©

The f? factor then acts to change t hccovaniant gradient vectort o contravariant. (See

Skilling (1986) for a similaranalysis {in th Shannon entropy. )

The Burg entropy metiic effectivdy hoosts t hecorrection fa (t o1 for brighter pixels,
so the bright point source is fit {ted bet o i the earlier iter ations, which circumvents the

corruption of background propagated fiom i he misfitncar the poinit source.

The prior knowledge significd by nsinp inaxitnum Burg entropy estimation rule has
been discussed inJaynes (1986) and 1 yieden (1 985). According to 13ieden, the class of
optical objects described by the B3 vy entiepy prior would tend t o consist of a relatively
small number of randomly placed biip)tcells, therest being dingg befitting the bright point

SOUTCe SCCHe We arce ¢on CCI‘II(‘.d wi th

‘Multiplicative Algebraic Reconstiueion ‘Technique
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Suppression of ringing may potentinliv lead to better photometry determination of the
point source through better backerovnd ditermimation, aud helps solve source confusion

problems; which are especially pronient 20 the Galactic plane,

Although the above algoritlon pave savisfactory result for some test fields (e.g. sce Fig,
4), it suflers from several problains. 1ot boosting the correction factors for brighter pixels
biases the total flux towards hipher valne, snd when this is combined with the destriping
algorithin, which essentially is a <l afibrating scheme, pives 1ise to bootstrapping and
uncontrolled growth of flux in the iape. This problemn can be rolved by performing a
standard MCM iteration with no destiiping and de ringing applicd, before writing out the
image. Richardson-lLucy’s good property of Tocal flux conservation thus brings back the

imnage flux to the correct level,

Another more serious problemlic. . ncre (ke 1y at the heart of the Burg terative
scheme. Since the correction for fainter pixels is damped near bright ones, the Burg
iteration is slower at trimming the Jobes of point sources. In addition, convergence of faint

source near a bright one is also suppressed, along with the formation of the ring.

For these reasons further rescardl 3 necded to understand the behavior of the ringing
suppression algorithin, before it can be inworporated into the production algorithm.
In addition, we are investigating an sdaptive data splitting method which aims to
scparate background and point source fivxes during the reconstiuction. The Iimage Space
Reconstruction Algorithm (ISRA, c.g. De Pierro 1991) 3s also being studied for its potential

m ringing suppression.

4. Outpot Validation

This section discusses theverificatione: outpul image propeitics,




16

To test the authenticity of hiph voanli-on features prodaced by the MCM algorithn,
Aumann, Fowler, and Melnyk (19¢0) conpired the 60 jon HIRES image of M101 with the
IRAS Point Source Catalog and previosh known H 1 regions (based on observations at
ultraviolet, infrared, and radio wavelcneth o Also Rice (1993)  examined the structural
reliability of HIRES maps for thyee tes potaxies: M1, M33, and NGC 6822 using the
following truth tables: (1) a far- imfraree KAO map of M1, (?) optical light photographic
images of the three test galaxics, (3) fom additional types of “high-resolution” maps
constructed from independent 11745 ¢t nd (4) & siimulated map of the radio emission of
bright 11 1T regions in M33 constructed fonna catalog of 20 ¢ni1adio continuum sources in

the galaxy.

We have compared the gain comnpensation destriped nmmages with the original HIRES
itages for the above fields (ard nunerous athers), and have fonnd good agreement in
the reconstructed features (except for the Lack of striping). The following sections deal
with validation of gain oflset 1ccovery. sovee photometry, source positions, and surface

brightness.

4.1. Validation of Gain Offset Recovery

‘1'0 verify the gainofl sel cstimation, a list torccover artificially introduced offsets was
carried out. A stripe free nnage was ns-d 1 genarate s set of simulated detector data,
and Gaussian- generated gain offscts v er o @1 plied 1o the leps. 1 hissetof data was fed
to the uniform gain offset compencal i prosram, and ascatterplot of the recovered vs.

introduced oflsets is shown in Fig. &

The introduced offsets arce Gansaiar w ith sta ndard deviation 0.12. The standard

deviation of residual offset aftcicornp naatng for estimated ofiset is 0.024, indicating a
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factor of b reduction in striping sinphitvde (25 i power ).

The reconstructed image is stiipe vee and visnally indistinguishable from the imput
image. This suggests that the vniforn: an com perisa tionis capsble of its designed goals,
and that the residual striping sccn in e 1oal data (I%g. 3¢) is in fact due to small gain

variations within the legs, lending, support rothelocal pain compensation method.

4,2. Validation of Source Photometry

To verify the photometric integr v of 1 RIS images using, pain compensation
destriping, detector data processed withl, SUNDR f-o] the sources MH1, M101, and 3
Pictoris were fed to the gain compenseion  lgorithimandsonrcetiuses at the 20th iteration
were compared with results fromn the vind ad MOM algonitlin, The source fluxes were
determined using aperture photometiy, by calculating the backgiound level as the median
of pixel fluxes inanannulusatovndti e soice, and subtracting the background from the
total flux within the circle. The maximon percentape difference Letween the two sets of

results is 5.4% scc ‘Jable. 2 forthe conpistion).

4.3. Vahdution of Source Posilions

‘1’0 validate the reprojectioncode..ud s niree positions i the ontput HIRES images, 39
sources ncar the Galactic planc were checked agamst the 1A S 1’oiut Source Catalog. A
total of 39 sources between Galacticle i tudi - 17" and1.7¢ (xt wo bands) Were tested in
these longitude intervals: 119° 120711 5° 223°, anid 3HH° - 29, with 21,8,and 10 sources
in cach interval respectively. All somccshiad luxes > 1 Jy attiland 100 yuan. Sources lying
within 10 arcinin of cach other were exclnded. Also some sowrces closc to the Galactic

center were excluded, duc to alaigc paacicr in the background intensity. For each chosen
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source, a circular arca with radius ' wic delined (centered at the PSC position), and the
arca’s lux weighted centroid was 1 aln a~ the HIRES point source position and compared
against the PSC position. ForG0 i bend the distances between HIR ES position and PSC

position have an average of 9.3" and ¢ tand 1 d deviation 4.9 andfor 100 gm, 8.3” - 4.47,

4.4, Validation of Surface Brightness

To test the surface brightness ol zodiaca | subtracted HIRES hmiages, they were rebinned
to I1SSA geometry (using boxcaravaaping and comnpared pixcl by-pixel agai nst the ISSA

images.

Multiplicative flux scale (AC/NC) cor cction was appliedto the ISSA images before
calculating, thesurface brighticss corrdlatn, The IRAS detectorshada dwell-til~Ic
dependent responsivity change. Heneo | 1 hepainchanges as afunctionof source size: at the
IRAS survey speed of 3.85 arcinin/s, the g s leveledofl for structure o1 the order Of 30°
in extent. Thus, there are two calilw antons {or the JRAS data, the calibration appropriate
for point sources, known as the AC calibiarion, andthe calibiation app ropriate to very
extended structure, knownast he 1)Ccelibration. To convert flu xes and surface brightness
measured from)) C-calibratedproducis torhe AC (same as the Poind Source Catalog)
calibration, the values must bedividedaby (18,0.82,0.92and 1 .() «112,25,60 and 100 pin,

respectively. HIRES uses the AC ¢ zlitration, whilethe 1SS,4 images are on the DC scale

(sc(-, Chap. VI of IRAS Catalogs anid Sases: Baplanatory Supplcnant (1988)).

The standard deviation of thie pivel-by pixel (1.5") diflerence is less than 6% for 1st
iteration HIRES vs. 1SSA, and less thinl 2 for 20th iteration HIRES vs. 1SSA (Table 3).
The diflerence is larger at 20thiterationas the rebinned HIRES Sinages are still sharper

than ISSA, while tnhe 1stiteration i1 Sinages have aresoluntion similar to the 4 to &' of
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ISSA.

No systcematic offset was found hetwesn HIRES and 18SA cuiface brightness after
applying the AC/DC correction (HTHES sirface brightness should be multiplied by 0.92
and 1.0 at 60 and 100 jun respectivels. to e consistent with ISSA). Typical scatter plots of

log HIRES/ISSA vs. ISSA intensitics sre shown in Fig. 6.

he o Jmplementation

This section gives a detailed accon¢ sl the technical aspec ts of a pipeline consisting
of coordinated processing 011 wonlstanionsand parallelsupercornpuoters, which p)roduces

HIR 1S images in mass quantiticos (sec 1 g, “f).

5.1.  Overview of the Production Pipeline

11 AS detector data, known o < (R 1)1 (Calibrated, Reconstructed Detector Data),
grouped in 7° x 7° plates, resideintlie #7 cvel 7 Arvchive”. 'T'he fivst step in the pipeline
for mass production of IHNRES hnape , v thextiact data covering, a specific field with

“Sn 1pSca n” and feed theminto 1. 4 U NDHE for cali bration and var jous other preprocessing.

Wctake the 7° X 7° L AUNDRedplate. and usc the algorithim described in section 3.3
to subtract the zodiacal background cnnss v, This step requines the corresponding | SSA

iiage as supplement input (Stal, AUN b dap. ).

Following the calibration and zodizcal subtraction, the detector files are broken into
1.4° x 1.4° ficlds, and reprojected into Gal.otic coodinates (frone equatorial) if required,
with ficld centers separated by 1 degree (1B-kDet in Fig. 7). The factor-of-two overlap is a

conservative Insurance against discontmuity across field boundaties, as local destriping and
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different flux bias level will beapplici ol | small field. 1.4” x 1.4° is aso the maximal
field size with complete cover ape allowed within one Level 1 plate, giventhe 2 degree
redundancy of the platesandaihitta: ' U()( donand orientationofl thesmall field relative

to the Level 1 plate.

All operations described shove are ar ied out on workstations, and the total processing
time for onc7° X 7° plate, onc wavdengtt band, averages to 80 minutes o011 a Sun
SPARCstation 10, most of which is speat s decompressing and extracting the data from

the IIRAS Level 1 Archive.

Thesmall field (1.4° x 1.4 ) detecorfiesare t en processed into HIRES images, which
is done ()]] the Intel Paragon superconipute The SPU time taken for this stage is about
100 node-hours ® for onc wavelength Land and one 70 5 7 plate. The next section gives a

detailed discussion for the parallelization of the Maximum Conelation Method.

The output images are stored to Uni'hiee, a high capacity storage system on the
Paragon using, HIPPI interface. Abous 200 megabytes of output dats (Iinages and auxihary

maps) arc generated for one band plato

h.2. Parallehization

A flow chart of one iteration of il parallelized program s shown in Fig. 8.
] ] ,

Profiling @ typical HIRES proce s chovwed that more han 90 % of the total execution

time was spent within the code which i alcr ates the footpr ntaridrnage correction factor S

*Number of node-hours = nuaber of computing nodes > 1mnber of hours of real
processing time.

SProfiling stands for timing analysic f « broutines in the progran,
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(see Iig. 8). Inthe parallel decomnpsition of the problem, cachiprocessor takes care of

footprints from a set of scanlines. *1 hereaons for doing this ate:

1. Smallprogramming cfiort. *17,( ¢~ 2ace of t he original Hi R BS architecture is left

untouched.

2. Yootprints in one leg shiare thes mnoresponse function g 1id, except for a translation,
whichis basically thereasorithconginal cole proccsses the data one leg at a time. Keeping
the whole leg in one p rocessor is thorcloreinatwal choice, which minimizes local m emory

Usage.

3. As we discussed inSections.r /111S detectors have palndi flerences which are
especially prominent for the 60 and 1 o bands, The gai v oflset can be estimated from

correction factors in the same Jeg, whio beaue: from the same detector

Intermediate disk files for footprint daw (12,) and response function grids (ry;) in the
scquential program are replaced by svians held i memory of the processors (step 1 in Fig.
8), for sake of casier programuiing and teduction in 1/0. This is feasible in the parallel

implementation as each processor nione hold: only & fraction of the entire data set.

Fach node calculates the correction fucior s for its share of footprints (step 2), and
projects them onto the pixels covered in the footprints (step 3). A global sum over all
processors for the correction factor ¢’ for cach image pixcl is performed at end of cach
iteration (step 4), and the weighted averspce is taken, which is then applied to the image

pixcl value (step 5).

Decomposition in the image donsinwasnot (aredout{forthe 19% 10 field, eliminating
the need for ghost boundary commnniicanion whichwould 1)(: significant and complicated
tocode,ducto the large size andinicpnlin chape of the detector response function. This

helped maintaining the parallel code sinilar in structure to (e sequential one, making
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simultancous upgrades relatively casy

The efficiency of the parallelnortandepends 011 thescan ( (verage: of the field
processed. The computation time is 1oup by propor tional to the total coverage (i.e. total
number Of footprints), while the conunic tion overhead is not 1 elated to footprints and is
only dependent u p o n the inangay size. ~othe eflici encyishipher for a field with higher

coveragc.

For a large ficld (c. g. 79> 7)), the det-ctonmcasurementsare brokeninto 1.4° x 1,4°
picces with 0.4° overlap. Bachi1.47> | 4 field is loaded on to @ subgroup of 8 or 16
processors. The overlap was chosenconsavarively so that cropping the overlap after HIRIS
ensures smooth ness at the boundarics Mo zicked images made fromadjacent fields turn

oul to be scamnless to the humiain ey

Currently the parallel program ] nuconadl?-proces sor Inte) Paragon using Intel’s
NX communication routines under th e OS5t /] operating systen. [t also runs on the
Sandia- UNM Operating Systcin along with the provided commmunication library (SUNMOS;
Maccabe, McCurley, and Ricsen 1993, whidh is available 011 Paragon and nCUBI and

provides significant performanceincrese

The output immages from the parelle]l computers are compared with those from the
standard HIRES program running on o Sun SPARCstation. Jhe differences are well within
the range of nuincrical round-off ¢irors. At the 20th iteration, the standard deviation of

(Newhnage - Oldlmmage) / Oldlmape averapes to about 1071,

The global sum operation, which colle ts pixel correction factors from different nodes,

is the primary source of communication overhead in the parvallel program.

The exccutable code was conpile Jane Hinked with a math library conformant to the

1EEV 764 Stall[lal’ (I, and the compileroptii«, s were fine tuned to give the best execution
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speed. For the 60 gom band of MH1 (baseline removed data), o thne comparison is shown in

Table 4.

A speed increase of about 7 timcs s o hieved with 16 processors and 5 times with
8 processorsfora 10 x 10 field. |iguialenly a 64 square deprec ficld can be processed
using 512 nodes, with a speedup fuctor of 320, Forproduction onson the Paragon, we
customarily use 128 nodes to process  Gsmallfields sirnultancously. }ach hand-plate would
therefore take roughly 1.5 hours of real 1 hme. Vanjous s( riptsare vsedto autml-late the data

transfer and program launching,

. Summary g

The parallelization and alporithinnic enbancenments of the IPAC HIRES program have
been described. These efforts have ene hled production of HIRES images by IPAC using the

Intel Paragon supercomputer.

We are now in the process of pro o the 1IRAS Galaxy Atlas, a complete atlas of
the Galactic plane (4.5° latitude) at 60 and 100 jan with arcininute resolution, as well as

maps of the Orion, Ophiuchus, and Taimus Auriga clouds coniplexes,

W c t hank Tom Soifer, Joc Mavva vllaand  Jason Swace for their involvement and
helpful suggestions during the project Wear C grilt¢fill to Georpe Aumann, John Fowler
and Michacl Mclnyk for developing, t he oniginal HIRES program. csyecially John Fowler
who helped with the port of HIRES (o the Intel computers by explaining the structure
and details of the program, andprovicedadvice 1111 oughoutthe algorithmic  developments.
Thanks arc also due to Ron Beck and Diane Engles who ha ndled numerous HIRES

processing requests and arc running the /1115 Galaxy Atlas production.
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TABLY
DrriNIios OF NOTATIONS

Dy messured eteetor fus at data sample

I; inteas oy At image pixel 3

f}k) cirngte o fiat iteration k

1= ):J rii f; oo s data fux at semple 1 given lmape f;
Sic D F; deter o correction factor

¢j pixe Coare ton factn

G, gain ofisct ol detectors in scanline 1,

D= Gl gair compe neated detector flux

Ct- DiE gl compe nated detector correclion factin

AS Bury, eatrapy difleseace between twe inages fi and f; 4 Af;

955t Buty, caliag o teetiic tensor



T°ABLE 2. Comparison of Sour e Photometry (1 destriping vs. Non-Destriping)

source wavelength(yun)  preprocessing destripe?  Ist (Jy)  20ith (Jy)  difl. at 20th iter. (%)

Mbl 60 by # 110 127.30 131.24
Mb1 Go b ves 125.5% 126.63 -35
M5l GO do 110 127.2% 130,{)8
M51 Go do VeS 127.23 130.25 -0.6
Mb1 100 In 110 286.64 303.80
Mb1 100 5] ves 283.28 20511 -2.9
M5l 100 do 110 ?283.80 290.79
Mb51 100 do yes 263.86 295.05 -1.2
M101 Go by 110 &£5.30 85.34
M10lI Go b ves &1.72 81.76 -4.2
M101 60 dhos 10 83.05 84.41
M101 60 do yes 83.08 81.43 10.0
M101 100 In Ho 210.95 2170.56
M101 100 1 yves 207.92 200.97 - 3.5
M101 100 do 10 210.70 216.71
M101 100 do vOS 210.71 214.37 -1.1
B Pictoris 60 Ia no 22.03 21.84
B Pictoris Go I VS 22.10 20.96 -4.0
B Pictoris 60 do no 21.58 20.96
A Pictoris 60 do VeS 21.5) 21.38 4 2.0
[ Pictoris 100 I Ho 10.19 10.95
B Pictoris 100 In ves 11.96 10.86 -0.8
B Pictoris 100 ao no 10.45 ¢.90

B Pictoris 100 do Ves 10.42 10,43 +5.4

*br = bascline 1emnoval; do = destiipe ouly, 1efertng to the cross-scan oftset done in LAUNDR (not to be
confused with gain compensation destiiping).




TABLE 3. Conparicon of Smiface Brightness

position

£000.5, + 0.5
£121.5, 4 0.5
£126.5, -0.5
g218.5, — 0.5
g000.5, + 0.5
£121.5,40 .5
g126.5, -0.5
$?18.5, -0.5

wavelen gl (o)

0G0
60
60
GO
100
100
100
100

Ist vs. 1SSA ®

0,024 4 0.064
0074 0.03D
(1,(1(17 4 0,040
(1.(1D(3-10.033
0.(131+ 0.057
(1.0(13 = 0.016
(0.008 = 0.028

0.005 2 0016

20th vs. |SSA

0.013:10.100
().0[)80.112
-().01040.119
-0.0024 0.080
0.0203 0.083
- 0.003 4 0.068
- 0.0044 0.081
0.0004 0.047

& Comparison was donefor) ¢ v dicircles centered at positions shown in first

column. Differences arc represeried byinea v s

log(HIRES/ISSA).

standa d deviat ion of the quantity




TABLE 4. Specd Compurizons {for 60 jan Band of Mb1

Sun SPARCstat iom ¢ 720 sce

Single nodeof the1 aragm 640 sec
8 nodes of thearap on )37 Scc
3,
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Fig. 1. n/AS scanpatterinin M. Dots 1 present 60 jan detector footprint center

positions. Lower right cross indicate I'\W M of the 60 g detcctor response function.

Fig. 2. A schematic drawing, of the 14 S focal plane. “Thennmbered rectangles in the
central portion cach represent the ficld ofview of a detector, filterand{icld lens combination.
The filled-in detectors were imoper ative wh « the 1o ss- hatched detectors showed degraded

performance during the mission.

Fig. 3. (a). Istiteration jmapc Jor s dicd m p Ophiuchus(100 4om band ); (b). 20th
iteration, standard HIRINS; (). 200 v oter ation, with uniforn gai n compensation;  (d).
20th iteration, with local gaincompeisation. Size of image is 1 ¢ » ] ° Height Of surface
represents flux. Local gain compensationnnethod produces highe resolntion nnages that are

free of stripes,the most commonwtifac i standard HIRES processing,

Fig. 4.-  (a). Point source 116293 2422 i ,» Ophiuchus, no ringing suppression; (b). Same
ficld, using entropy prior for ringing suppc sion. Size of himage is 19 x 1°, Peak flux in (a)

is 3749 MJy/ster, and 3329 My /ster m (b,

Fig. 5.- Recovery of artificially intioducedoflsets. Ver ties]: Jop of recovered gain oflset;

horizontal: log, of introduced gain ofisc

Fig. 6. Comparison of HIR 1S aud 1855 Surface Briphtness. 1° radius circular area
centered at g218.5, --0.5 (60 yi) were comt pired. Left: comparison of 1st iteration HIRES
vs. ISSA; right: comparison of 20thitcration 1 IRES vs. 1SSA Vertical: log of HIRES
I 1SSA ; horizontal: 1SSA intensity in MJv/ster AC/DC correction was applied before

talc.ulatillg surface brightness ratio.

Iig. 7. Outlline of the HIRES produ tion pipeline
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Fig. 8. Flow chart of onciterationm naic parallelprogram
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